Using Gaia Data Release 2 photometry, we report the detection of extended main-sequence turnoff (eMSTO) regions in the color-magnitude diagrams (CMDs) of the ∼ 14 Myr-old double clusters h and χ Persei (NGC 869 and NGC 884). We find that stars with masses below ∼1.3 M in both h and χ Persei populate narrow main sequences (MSs), while more massive stars define the eMSTO, closely mimicking observations of young Galactic and Magellanic Cloud clusters (with ages older than ∼30 Myr). Previous studies based on clusters older than ∼30 Myr find that rapidly rotating MS stars are redder than slow rotators of similar luminosity, suggesting that stellar rotation may be the main driver of the eMSTO. By combining photometry and projected rotational velocities from the literature of stars in h and χ Persei, we find no obvious relation between the rotational velocities and colors of non-emission-line eMSTO stars, in contrast with what is observed in older clusters. Similarly to what is observed in Magellanic Cloud clusters, most of the extremely rapidly rotating stars, identified by their strong Hα emission lines, are located in the red part of the eMSTOs. This indicates that stellar rotation plays a role in the color and magnitude distribution of MSTO stars. By comparing the observations with simulated CMDs, we find that a simple population composed of coeval stars that span a wide range of rotation rates is unable to reproduce the color spread of the clusters' MSs. We suggest that variable stars, binary interactions, and stellar rotation affect the eMSTO morphology of these very young clusters.
INTRODUCTION
During the last decade, a large fraction of young and intermediate-age massive clusters (≤2 Gyr) in the Large and Small Magellanic Clouds (LMC and SMC) have been found to exhibit extended main-sequence turnoff al. 2017). First, the effect of gravity darkening caused by rapid stellar rotation would cause a rapidly rotating star to have a lower surface temperature than its nonrotating counterpart (von Zeipel 1924) . In addition, individual stars will also exhibit temperature gradients on their surfaces, so that the observed colors and magnitudes depend on their inclination with respect to the line of sight. Second, rotation may increase the stellar main-sequence (MS) lifetime through expansion of the convective shell, leading to transportation of shell material to the stellar core (Maeder & Meynet 2000) . As a consequence, rapid rotation will retain massive stars on the MS much longer than less massive stars, thus populating the bright extension to the MS. Finally, a range in stellar rotation rates will mimic an artificial age spread in a young cluster if we assume that all its member stars are non-rotating stars. The magnitude of this artificial age spread would be a function of the cluster's typical age, as has been confirmed for clusters in the Magellanic Clouds (Niederhofer et al. 2015) and for Galactic open clusters (Cordoni et al. 2018) .
Direct spectroscopic studies of individual stars in some young massive clusters have shown that rapidly rotating stars are generally redder than slowly or non-rotating stars (Dupree et al. 2017; Marino et al. 2018a,b) . In addition, a survey of Be stars in young LMC clusters has confirmed that Be stars, which are supposed to be rotating at near-critical rotation rates, are systematically redder than normal MS stars . Stars in Galactic OCs have been reported to exhibit a large range of rotation rates (Huang & Gies 2006; Huang et al. 2010) . A number of studies have explored how stars with different rotation rates will populate their clusters' turnoff regions (e.g., Brandt & Huang 2015b) . However, only a limited number of studies have revealed direct correlations between the rotation rates exhibited by turnoff stars and their distributions in cluster color-magnitude diagrams (CMDs) (Bastian et al. 2018; Marino et al. 2018a) .
In this paper, we study the turnoff and upper-MS stars of the double clusters h and χ Persei (NGC 869 and NGC 884). We aim to explore the correlation, if any, between their rotational velocities and the stellar colormagnitude distributions. We combine photometry from Gaia Data Release 2 (DR2; Gaia Collaboration et al. 2016 Collaboration et al. , 2018 and the stellar catalog of Huang & Gies (2006) ; Huang et al. (2010) , which includes information about the rotation rates of individual stars in our sample clusters.
DATA REDUCTION
We obtained the photometric stellar catalog from the Gaia archive 1 . Based on the parameters provided by Kharchenko et al. (2013) , we adopted radii of, respectively, 3,050 arcsec and 3,500 arcsec as the areas to search for stars associated with h and χ Persei. These areas are slightly larger than their tidal radii. The resulting stellar catalog contains 143,900 and 187,596 stars associated with the regions occupied by h and χ Persei, respectively, for which we have information about (1) the spatial coordinates (right ascension and declination), (2) parallaxes, (3) proper motions, and (4) photometry (in the G bp , G rp , and G passbands). We first removed all stars associated with unrealistic negative parallaxes. These stars may have been affected by confusion in the observation-to-source matching, and they will have unreliable proper motions (Gaia Collaboration et al. 2018 ). This step led to the removal of ∼32% of the stars from the raw stellar catalog. Because h and χ Persei are located in close vicinity to each other, their cluster regions as defined by their tidal radii overlap. We further removed 77,227 stars that appeared as duplicates in both clusters' stellar catalogs and combined them into a common catalog. Finally, 147,748 stars were located in the area containing both clusters.
To decontaminate the field stars, we explored the proper motion map of all stars. We calculated their density contours across the entire proper-motion diagram. We found that there is a clearly overdense region centered at about µ αJ2000 cos δ =−0.35 mas yr −1 and µ δJ2000 =−1.05 mas yr −1 , which corresponds to the bulk motions of both h and χ Persei, where µ αJ2000 and µ δJ2000 are the angular velocities of the stellar proper motions in the right ascension and declination directions, and δ is the declination. We did not find any significant differences between the proper motions of h and χ Persei. Our results are well-matched with literature results for h and χ Persei (Loktin & Beshenov 2003) . The proper-motion map for all stars, as well as the calculated number density contours, are shown in Figure 1 . We selected all stars located within the area enclosed by the isodensity contour representing 25,000 yr 2 mas −2 (see the red line in Figure 1 ) as candidate cluster stars. This selection removed 95% of all detected stars, leaving only 7,452 stars.
In Figure 2 we present the spatial distribution of all 7,452 stars in our final selection. . The right-hand panel exhibits a zoomed-in region, indicated by the yellow square in the left-hand panel. Stars located in the red loop (i.e., the isodensity loop for 25,000 yr 2 mas −2 ) were selected as candidate cluster stars.
These results are generally consistent with those of Wu et al. (2009) . We plot their number density contours by assigning all stars to 1,196 spatial grid cells (46×26 cells in [α J2000 , δ J2000 ] space) and calculated the average stellar number density in each cell. At the edge of the region, the average stellar number density is ∼56,000 deg −2 , while in the central region, the isodensity contour associated with a stellar number density of ∼3×10 5 deg −2 shows two distinct closed loops, indicating that both clusters are clearly separated at this number density level. We thus selected stars located within these two loops (see the red and blue lines in Figure 2 ) to represent the h and χ Persei subsamples. Thus, we identified 828 and 720 stars in h and χ Persei, respectively, as shown in Figure 2 (red and blue dots, respectively).
OCs located in the dusty Galactic disk may be severely affected by reddening. Spatially variable extinction (differential reddening) will introduce uncertainties in the actual colors and magnitudes of member stars located in different parts of an OC, thus potentially mimicking an artificial eMSTO. However, only a small number of stars brighter than G = 17 mag have associated reddening values in the Gaia DR2 photometric catalog. Therefore, we used the Galactic Dust Reddening and Extinction service provided by the NASA/IPAC Infrared Science Archive 2 (Schlafly & Finkbeiner 2011 ) to correct our cluster photometry for differential reddening effects. We aim to correct all 7,452 stars for differential reddening. Because the typical spatial resolution of the Galactic Dust Reddening and Extinction service is 5 , we examined the average extinction, E(B − V ), for 16×17 adjacent circular regions with radii of 5 in [α J2000 , δ J2000 ] space.
The reddening is higher in the north and east and lower in the south and west, as shown in Figure 3 (indicated by the color-coded background). We confirmed this apparent reddening gradient by visually inspecting an Infrared Astronomical Satellite (IRAS) 100 µm image 3 as well. We then calculated the individual stellar extinction values by matching their spatial coordinates with the derived reddening map. All cluster stars are subject to reddening ranging from A V = 0.98 mag to A V = 2.41 mag; 95% (7,164 stars) have reddening values between A V = 1.10 mag and A V = 2.27 mag, with an average reddening value of A V = 1.59 mag. As regards the h and χ Persei subsamples, their average reddening and dispersion (covering 95% of all stars) are A V = 1.49
+0.15
−0.14 mag and A V = 1.60 +0.18 −0.11 mag, respectively. χ Persei is subject to higher average reddening than h Persei, which is expected given its location on the eastern side of h Persei since the IRAS 100 µm image has revealed that this region is very dusty.
Finally, we corrected our stellar photometry to represent the average reddening using the Cardelli et al. (1989) and O'Donnell (1994) extinction curve with R V = 3.1. In Figure 4 we show the CMDs of all stars before (left) and after (right) correcting for differential reddening. A clear color gradient is seen across the entire CMD if differential reddening is not corrected for, with stars affected by higher reddening being systematically redder than stars affected by less reddening. After correction, this color gradient all but disappears.
RESULTS
The differential-reddening-corrected CMDs of h and χ Persei are presented in Figure 5 . Our results exhibit clear similarities to the CMDs of young clusters in the Magellanic Clouds (e.g., Milone et al. 2015 Milone et al. , 2016 Milone et al. , 2018 . Stars fainter than G ∼ 15.5 mag populate a narrow MS and a clear binary envelope, while the upper MS and MSTO exhibit clear color spreads which make the binary envelope less distinct. There is an internal colormagnitude spread for stars with G ≤ 15.5 mag. These stars map onto a complex morphology of the upper MS and the MSTO regions in the CMDs of h and χ Persei.
Because differential stellar distances may also broaden the MS, we calculated the individual stellar distance moduli based on parallax measurements. The average distance to h and χ Persei was previously reported as about 2.3 kpc (Kharchenko et al. 2013 ). In the bottom panel of Figure 5 , we plot the corresponding CMDs for all stars with distances between 2.0 and 2.6 kpc. This distance range corresponds to a parallax spread of ±0.05 mas. However, we emphasize that this selection might be too strict for the stars of interest, since the typical parallax uncertainty for stars of G ∼ 15.5 mag is 0.04-0.1 mas (Gaia Collaboration et al. 2018) . As shown in Figure 5 , even though we have set strict constraints on the distance range of our stellar sample, the extended MSs and MSTOs are still obvious. No obvious gradient in mean magnitude for stars at different distances was detected in either of these CMDs.
We next used the MESA Isochrone and Stellar Tracks (MIST Paxton et al. 2011 Paxton et al. , 2013 Paxton et al. , 2015 Choi et al. 2016; Dotter 2016 ) models to generate different isochrones to fit the observations. (Slesnick et al. 2002) derived an age of ∼13 Myr and solar metallicity for both h and χ Persei. Our fits agree with their results. To describe the blue boundary and the knee of the MS (G ∼ 15-16 mag), the best-fitting isochronal age and metallicity for both h and χ Persei are 13.8 Myr and solar metallicity (Z = 0.0142 in the MIST models), respectively. Using the parallaxes from Gaia DR2, we recalculated the average distance moduli for both h and χ, resulting in (m − M ) 0 = 11.69 mag and 11.81 mag, respectively. The adopted average reddening values for the clusters are A V = 1.49 mag and A V = 1.60 mag, respectively. We assumed that the average stellar rotation rate was close to zero.
This age of the best-fitting isochrone can be constrained by an A-type star located in the red portion of the Hertzsprung gap of h Persei and an M supergiant star in χ Persei (see the red pentagrams in Figure 6 ). However, these isochrones only describe the blue edge of the upper MSs and the MSTOs of h and χ Persei. They do not describe the red part of the MSs, as expected. The color spreads of stars in the upper MS and MSTO regions of h and χ Persei (for G ≤ 15.5 mag) are about ∆(B bp − B rp ) ∼ 0.25 mag. The average photometric uncertainties for stars in this magnitude range are δB bp ≤ 0.006 mag and δB rp ≤ 0.004 mag (Evans et al. 2018, their Figures 10 and 11) , which translates into a color uncertainty of δ(B bp − B rp ) ≤ 0.007 mag. The observed color spread is about 35 times the theoretical color uncertainty. The possibility that the extended upper MS and MSTO regions are caused by photometric uncertainties is therefore negligible. The extended upper MS is unlikely to have been caused by unresolved binaries either, since the upper range of the MS is almost vertical in the CMD. In Figure 6 , we present the observed CMDs of h and χ Persei and the best-fitting isochrones, as well as the loci of the equal-mass unresolved binaries.
To quantify the width of the clusters' eMSTO regions, we next obtained fits using older isochrones characterized by the same metallicity and extinction to describe the red part of the MSs. We found that even an older isochrone with an age of ∼100 Myr (see the red lines in Figure 6 ) cannot satisfactorily describe the morphology of the upper MS. These isochrones (with ages of ∼14 Myr and 100 Myr) can only reproduce the MS for G ≤ 12 mag, while the observed MSs show clear color spreads at G ≤ 15 mag. If these color spreads are caused by genuine age spreads, we should expect well-populated red giant branches in both young clusters, but this is not observed. In summary, although fits of single stellar populations to the observations are inadequate, the clusters' eMSTO regions and broadened MSs are unlikely caused by significant age spreads among their member stars.
An alternative explanation, prevailing for most young clusters exhibiting eMSTO regions (e.g., Niederhofer et al. 2015; D'Antona et al. 2017; Dupree et al. 2017; Marino et al. 2018a , however, see Goudfrooij et al. (2017 , 2018 ; Piatti & Cole (2017) ), invokes stellar rotation. This scenario suggests that the color-magnitude spread of MS and MSTO stars may be caused by differences in the cluster stars' rotation rates. Specifically, the gravity darkening caused by different stellar rotation rates and inclinations will render different stellar colors and luminosities. Rotational mixing would prolonge the MS lifetimes of rapidly rotating stars, resulting in MSTO stars of different masses (Yang et al. 2011 ). All of these effects cause stellar rotation to play a complex role in shaping the morphology of a cluster's MSTO region.
To address whether stellar rotation is the underlying cause of the eMSTOs of h and χ Persei, a direct comparison with models is required. To do so, we requested synthetic photometry representative of a simple stellar population from the SYCLIST model suite 4 (Georgy et al. 2014 ) for different rotation rates. The requested model contains 5000 single stars and 5000 unresolved binary 4 https://www.astro.unige.ch/syclist/index/Formats/#cluster systems at a fixed age of 14 Myr (log t/yr = 7.15) and for solar metallicity (Z = 0.014), characterized by the empirical stellar rotational velocity distribution of Huang et al. (2010) . For rapidly rotating stars, both gravity darkening and limb darkening are considered (Espinosa Lara & Rieutord 2011). Photometric data points for our simulated cluster are given in the standard JohnsonCousins U BV RI photometric system. Using color-color mapping between the Johnson-Cousins passbands and the Gaia photometric system provided by the Gaia DR2 documentation 5 , we calculated the corresponding Gaia photometry in the G, G bp , and G rp passbands. Similarly as in Cordoni et al. (2018) , in Figure 7 we show the CMDs of the observed cluster stars as well as a set of simulated CMDs for non-rotating and rapidly rotating populations. For clarity, the simulated stars do not contain any unresolved binaries and their photometry is noise-free. Although the rapidly rotating stars exhibit some spread in their color-magnitude distributions, the observed widths of the MSTO regions are still much wider than those resulting from the simulations.
For a more realistic assessment, we modeled a synthetic stellar population characterized by various stellar rotation rates and added realistic observational noise to each star's photometry to mimic the effects of both photometric uncertainties and possible differential reddening residuals. We added similar photometric uncertainties to our stellar photometry as in the observations. Although we corrected the individual stellar photometry for differential reddening, we are aware of the fact that a residual reddening spread may introduce a color-magnitude spread in the CMD. Indeed, even though we added realistic photometric uncertainties to our simulation, the simulated MS is still narrower than the observed MSs for G ≥ 15.5 mag. These additional MS spreads may be caused by reddening residuals. Finally, we included additional photometric uncertainties of δG ∼ 0.006 mag and δ(G bp − G rp ) ∼ 0.009 mag to our simulation to reproduce the spread caused by this residual differential reddening. Figure 8 shows the CMDs of both the synthetic clusters and the observations. For the synthetic clusters, we use a range in color to represent their projected rotational velocities (V sin i). For a stellar population of only 14 Myr old, the color distribution of the MSTO stars does not depend on their rotational velocities. This is different from the situation for the clusters M11 and NGC 2818, as reported by Marino et al. (2018a) and Bastian et al. (2018) , whose upper MS and MSTO stars show a clear correlation between their colors and the projected rotational velocities: the rapid rotators preferentially occupy the red parts of the MSTO regions. This is so, because rotational mixing has prolonged the MS lifetimes of the rapidly rotating stars, which masks the effects of gravity darkening. In turn, this causes their color-magnitude distribution to define an MSTO locus that is almost indistinguishable from that of the non-rotating stars. In addition, the model implies that the color spread of stars with different rotational velocities is still too small to reproduce the observations. This is because for a stellar population of only 14 Myr old, the upper MS and MSTO stars are too hot to show clear color differences owing to gravity darkening when comparing extremely rapidly rotating stars with their non-rotating counterparts.
We used the stellar catalogs provided by Huang & Gies (2006) and Huang et al. (2010) . These catalogs contain 89 and 95 stars located in the areas of, respectively, h and χ Persei, with their projected rotational velocities calculated by comparison of moderate-resolution observational spectra with synthetic spectra calculated by TLUSTY and SYNSPEC (Hubeny & Lanz 1995) . Specifically, they fitted the observed absorption line profiles to the synthetic rotational profiles across a grid of projected rotational velocities (see Figure 1 of Huang & Gies 2006 , as an example). We cross-matched these stars with our proper-motion-selected samples. However, we remind reader that some of their sample objects are located beyond the cluster regions we have adopted. Nevertheless, we still use these stars in order to attain a larger sample. We selected, respectively, 56 and 64 stars in common for h and χ Persei from both our catalog and those of Huang & Gies (2006) and Huang et al. (2010) . The latter stellar catalogs also include information about double-lined spectroscopic binaries, radial velocity variables (possible binaries), and Hα emissionline (Be) stars. Stars with unusual line profiles were removed because the measurements of their projected rotational velocities may be unreliable. Finally, 40, 11, and three stars were identified as normal stars, binaries (including both confirmed double-lined spectroscopic binaries and radial velocity variables), and emission-line stars in h Persei, while for χ Persei the corresponding numbers are 39, 16, and five.
In Figure 9 we show the CMDs of h and χ Persei, along with the measured V sin i values for the subsamples' normal stars and binaries (enclosed in squares), as indicated by the color bar. Indeed, no obvious correlation between the projected rotational velocities and the color-magnitude distributions was detected in either cluster. However, most of the Be stars are located in the red part of the MS (see the red triangles in Figure Figure 8 . CMDs of our observations (black circles) and the synthetic cluster (colored dots), with their V sin i indicated by the color bar (in km s −1 ). To visually highlight the similarities and differences between the observations and the synthetic cluster, NGC 884 (middle) and the model cluster (right) have been shifted in color. 9). This is similar to the case for young clusters in the LMC . Since Be stars are thought to be extremely rapidly rotating stars with near-critical rotation rates, the fact that Be stars are systematically redder than normal stars may indicate that stellar rotation still plays a role in the eMSTO regions of h and χ Persei. Figures 10 and 11 show the ∆(G bp − G rp )-V sin i distributions for all of our stars. Here, ∆(G bp − G rp ) is the stellar color deviation with respect to the zero-age MS (ZAMS) described by the best-fitting, 14 Myr-old isochrones. Stars located in the middle of the upper MS exhibit the largest velocity dispersion. A major fraction of stars located in the red portion of the ZAMS, with ∆(G bp − G rp ) ∼ 0.07-0.15 mag, cover the full spectrum of projected rotational velocities, ranging from zero to ∼360 km s −1 . Most stars located close to the ZAMS, with ∆(G bp − G rp ) ≤ 0.07 mag, have projected rotational velocities of less than 200 km s −1 . Only two exceptions exhibit projected rotational velocities of ∼400 km s −1 . Stars located in the red part of the MS, with ∆(G bp − G rp ) ∼ 0.15-0.25 mag, exhibit a distribution of projected rotational velocities from almost zero to ∼300 km s −1 . Seven stars have ∆(G bp − G rp ) ≥ 0.25 mag, four of which are identified as emission-line stars. There are no significant differences between the distributions of possible binaries (blue circles and squares) and normal stars (red circles and squares). Similarly to Marino et al. (2018a) , we calculated the Spearman's correlation coefficient between ∆(G bp − G rp ) and V sin i. Using the same method as applied to the observations, for each simulated star we calculated ∆(G BP − G rp ) with respect to the 14 Myr-old isochrone. For the observations, the best-fitting isochrone describes the blue edge of the eMSTO (Figure 6 ), while for the simulation, the isochrone is of course the ridge-line. This means that the zeropoint for the observed ∆(G bp − G rp ) distribution is different from that for the simulation. After having corrected the zeropoint difference to coincide with the observations, we compared the ∆(G BP − G rp )-V sin i distributions. We only examined the 1,785 simulated stars with G ≤ 13.5 mag. None have ∆(G BP − G rp ) ≥ 0.25 mag, while more than 91% have ∆(G BP − G rp ) ≤ 0.15 mag. For comparison, 4-10% of stars have ∆(G BP − G rp ) ≥ 0.25 mag (2 of 56 and 7 of 64 in NGC 869 and NGC 884, respectively). In addition, 34-36% (19 of 56 and 23 of 64) have ∆(G BP − G rp ) ≥ 0.15 mag. The number distributions of the color deviation for both the observed and the simulated stars are shown in the top panels of Figures  10 and 11 . These histograms also demonstrate that the observed color spreads are more extended than that of the model. The double clusters h and χ Persei may be the youngest clusters exhibiting eMSTO regions, at an age of only ∼14 Myr. The eMSTO regions in h and χ Persei are similar to those in other young clusters in the Magellanic Clouds, which cannot be explained by photometric dispersions, differential reddening, internal distance spreads, nor binary contamination. Although both h and χ Persei show apparent eMSTO regions, the complex morphology of their upper MS cannot be explained by multiply aged stellar populations. We found that even if we assume an extended star formation history lasting up to ∼100 Myr, the extended MS and MSTO regions of h and χ Persei still cannot be well explained.
We have cross matched, respectively, 51 and 55 upper MS stars with reliable measurements of projected rotational velocities in h and χ Persei from the data of Huang & Gies (2006) and Huang et al. (2010) , as well as three and five emission-line stars. Most emission-line stars are located on the red side of the MS, which is in line with observational results reported in previous studies of young LMC clusters. However, we do not find any obvious correlation between the colors and projected rotational velocities of the cluster stars.
We compared our observations with a model representing a coeval stellar population characterized by a large range of stellar rotation rates. A simple stellar population with different stellar rotation rates alone cannot fully explain the observed eMSTO regions. The color difference caused by different stellar rotation rates among upper MS stars is negligible compared with the observed width of the MSs and the MSTOs. A statistical analysis shows that the typical color spreads of the observed stars are more extended than implied by the model.
It is unlikely that h and χ Persei are characterized by significant age spreads among their member stars, since their ages and any possible ranges in age have been strongly constrained on the basis of observations in other passbands (e.g., Currie et al. 2010 ). In addition, we did not find any strong concentration of dust based on the IRAS 100 µm images, indicating that the gas content in these two clusters is very limited (assuming that the gas and dust are spatially co-located). It thus appears that some underlying physical phenomena may have changed the specific stellar colors in the Gaia passbands, because the MSs are extended only for G ≤ 15.5 mag, which roughly corresponds to stellar masses in excess of ∼1.5-1.6 M . This coincides with the mass range where magnetic braking begins to slow down stellar rotation (Georgy et al. 2013) .
The inconsistencies between the morphologies of the eMSTO regions in the simulated cluster and the observations may be driven by limitations inherent to the model. As shown by Niederhofer et al. (2015) and Bastian et al. (2018) , the extent of the age spread mimicked by stellar rotation is a function of the intrinsic cluster age. For 10-20 Myr-old clusters such as h and χ Persei, the age spread is expected to be only 2-3 Myr (Bastian et al. 2018, their Figure 4) . Clearly, the observed width of the eMSTO region would imply an 'age spread' that is much more extended than that predicted. This may suggest that there could be a problem in the model's MSTO calibration for stars in very young clusters. For instance, Be/Oe stars with disks seen edge-on will be reddened by their own disks, an aspect that is not considered in the model. Stars that are observed pole-on will show an excess blue color caused by scattered light off the disk.
D 'Antona et al. (2017) advised that blue MS stars are initially rapidly rotating stars that have braked recently. These stars are less advanced in their evolution compared with non-rotating stars with equivalent masses. They suggest that braking of the blue MS stars may be caused by tidal torquing of binary components, indicating that blue upper-MS stars should have binary companions. If this model is valid, there should be a gradient of stellar rotational velocities across the full MS, with stars on the blue side being slowly or non-rotating stars, while stars on the red side would be rapid rotators. Our result does not exhibit such an apparent correlation between the stellar colors and their projected rotational velocities. In addition, the color distribution of binaries and normal stars are similar.
An overlooked role possibly related to the presence of eMSTO regions is convective overshooting. Yang & Tian (2017) calculated the impact of convective overshooting on the MSTO of clusters as young as 100 Myr. They found that adoption of varying overshooting parameters(δ ov ) for individual stars-with δ ov varying from 0.0 to 0.7-can potentially explain the observed eMSTOs in young and intermediate-age clusters. Indeed, variations in stellar overshooting parameters might better mimic an age spread than the presence of different stellar rotation rates, at least for young clusters. This is because convective overshooting is more efficient than rotation at bringing H-rich material into the H-burning core, thus increasing the stellar MS lifetime. In the mean time, terminal-age MS stars with different δ ov may show a spread in nitrogen abundance. This is consistent with some observations, since the MSTO regions of some young clusters are much broader when ultraviolet (UV) observations are involved (e.g., F336W/F343N passbands of the Hubble Space Telescope's UVIS/WFC3 camera), which are sensitive to nitrogen abundances (e.g., Larsen et al. 2014) . Such a nitrogen abundance dispersion cannot be produced by any combination of rotating models with moderate overshooting, δ ov = 0.2, and non-rotating models. This may then be used to differentiate convective core overshooting models from rotation models (Yang & Tian 2017) .
Binary interactions may have contributed to form the eMSTO region as well (e.g., Yang et al. 2011; Yang 2018) . These authors claim that some of the blue MS and MSTO stars in the CMDs of Magellanic Cloud clusters may be binaries or binary products (including blue straggler stars; BSSs). Using the cluster NGC 1866 as a testbed, Yang (2018) showed that a fraction of the blue MS stars can be explained by either merged stars, MS-naked-He star systems, or MS-white dwarf (WD) systems. In the case of h and χ Persei, it is unlikely that there will be a population of WD stars because of their young ages. MS-WD systems, if detected, would strongly suggest that these clusters contain a population of stars that are at least ∼30 Myr old, thus confirming the presence of an internal age spread. The presence of MS-He star systems or binary merger BSSs is more likely. Stars with peculiar colors compared with the ZAMS may be stars that are out of thermal equilibrium and which are probably kept there by being current mass-transfer systems. These stars can be identified by examining if they exhibit W Ursae Majoris-like light curves.
Note that variable stars among the clusters' MS stars may affect the morphology of the CMD. Salinas et al. (2018) tested this scenario for the eMSTO of the cluster NGC 1846 (aged 1-2 Gyr). However, this hypothesis has not been examined for young clusters. A sample of pulsating B-type stars has been detected in both h and χ Persei (e.g., Krzesiński et al. 1999; MajewskaSwierzbinowicz et al. 2008; . Combined with our ongoing survey of variable stars in h Persei using the 50 BiN telescope (Xin et al. 2016 ), we present the distribution of these variable stars in the color-magnitude diagrams (see the left-hand panel of Figure 12 ). The colors represent the variability amplitudes, with the exception of the three red dots in h Persei. The latter are classified as EA-type eclipsing binaries, and all have variability amplitudes greater than 0.15 mag.
For χ Persei, we directly use the catalog of variable stars provided by . As shown in Figure 12 , although the majority of pulsating stars in these two clusters have relatively small amplitudes, which are unlikely to explain the widths of their MSs, these eclipsing binaries could change their location along the CMD fairly easily and they could therefore be a possible source of broadened MSs. Note that observed variable stars based on multi-site observations with a total exposure time of over 1200 h. The number of variable stars detected in χ Persei is higher than the equivalent number in h Presei. Given that h and χ Persei are double clusters with almost identical physical parameters, we conclude that the genuine number of variable stars in h Persei should be much higher than that shown in Figure 12 .
In summary, the complexity of the MSTO regions in h and χ Persei may be caused by the combination different underlying physical processes.
We also suggest that more detailed models of the stellar rotation of extremely young stellar populations (∼10-20 Myr) are required to fully understand the complex MSTO regions in these young clusters.
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